A variety of plasma wave and electric field effects were observed during the AMPTE (Active Magnetospheric Particle Tracer Explorers) solar wind barium release on December 27, 1984. Electron plasma oscillations provided measurements of the electron density during the entire event. Inside the diamagnetic cavity created by the ion cloud, the electron density reached a peak of about 2 x 105 cm -3 and then decreased approximately as t -2 as the cloud expanded. A static electric field of about 1-2 mV/m was detected in the diamagnetic cavity. This electric field is in the same direction as the solar wind electric field, suggesting that the solar wind electric field may be able to penetrate into the cloud. As the spacecraft passed through the boundary of the diamagnetic cavity, a region of compressed plasma and magnetic field was detected upstream of the ion cloud with a peak density of about 104 cm -3 and magnetic field strength of 130 nT. This region of compressed plasma is believed to be caused by solar wind plasma and magnetic field lines draped around the nose of the ion cloud. Inside the diamagnetic cavity, electrostatic emissions were observed in a narrow band centered on the barium ion plasma frequency and in another band at lower frequencies. These waves are believed to be short-wavelength ion acoustic waves. Bursts of electrostatic waves were also observed at the boundaries of the diamagnetic cavity, apparently caused by an electron drift current along the boundary. An intense burst of broadband electrostatic noise was observed near the outer boundary of the plasma compression region with intensities of up to 140 mV/m. This noise is apparently associated with a shocklike interaction between the ion cloud and the solar wind. Growth rate computations show that the noise can be accounted for by an electrostatic ion beam-plasma interaction between the nearly stationary barium ions and the rapidly moving solar wind protons.
INTRODUCTION
The first attempt to produce a man-made comet was performed on December 27, 1984, as part of the AMPTE (Active Magnetospheric Particle Tracer Explorers) program. The primary objective of the AMPTE program was to use barium and lithium ions as tracers to study the transport and energization of charged particles in the earth's magnetosphere [Krimigis et al., 1982] . A secondary objective was to simulate the solar wind-plasma interactions of a natural comet by releasing a cloud of barium gas in the solar wind. The possibility of simulating a comet by artificial gas releases in the upper atmosphere was first suggested by Biermann et al. [1961] . Since the original suggestion by Biermann et al., various techniques have been developed to produce artificial gas releases by using explosive charges carried aloft by rockets. For a review of the techniques used over the past 20 years, see Pongratz [1981] . In most cases the material used for the gas release has been either barium, cesium, or lithium. The choice of material is determined by the desire to have a short ionization time and optical scattering properties suitable for groundbased optical observations. Barium releases have been used as tracers to determine plasma convection velocities in the ionosphere [Haerendel et al., 1967 
PLASMA DENSITY
One of the primary objectives of the plasma wave investigation on the IRM was to measure the electron density of the plasma cloud produced by the explosion. Two effects provided information on the electron density. The first effect is the presence of electrostatic oscillations at the electron plasma frequency. These oscillations can be seen in the spectrogram of Plate 1 starting shortly after the explosion at 1232:00 and extending to about 1234:20. The narrow-band character of the emissions and their similarity to previous spacecraft observations [Scarlet al., 1971 ] uniquely identify these waves as electron plasma oscillations. Because the oscillations are at the local electron plasma frequency, which is given by fp = 9000 (Ne) 1/2 Hz, where Ne is the electron number density in cm-3, a measurement of the emission frequency gives the local electron density. The second effect is the presence of a propagation cutoff in the galactic and terrestrial radio emissions. This propagation cutoff can be clearly seen in Plate 1 at a frequency of about 2 or 3 times the local electron plasma frequency. The cutoff is caused by the high electron density in the cloud, which blocks all external radiation at frequencies below the electron plasma frequency. As is well known [Krall and Trivelpiece, 1973] , free space electromagnetic radiation cannot propagate at frequencies below the electron plasma frequency.
The top panel of Figure 1 shows the electron density variation obtained from the electron plasma oscillations. Each point represents a single sweep of the spectrum analyzer. As can be seen, within a fraction of a second after the explosion, the electron density jumps nearly 5 orders of magnitude, up to about 2 x l0 s cm -3, and then decays back to the ambient solar wind density over a period of about 2 min. For a few brief periods, particularly early in the event, the plasma oscillations were too weak to provide reliable measurements. The density profile is interpolated through these regions by straight lines. After about 1234:25 the electron plasma oscillations become very difficult to identify. Other less wellresolved emissions at lower frequencies suggest that the electron density continues to decline steeply, as indicated by the Information on the structure of the expanding ion cloud can be obtained from the propagation cutoff of the galactic radio noise. Early in the expansion phase the cutoff of the galactic radio noise is at a frequency of about 2 or 3 times the local electron plasma frequency. Our interpretation of the gap between the propagation cutoff and the local electron plasma frequency is that the ion cloud consists of a dense expanding shell with a depleted inner core, such as is illustrated in Figure  2 . Because the galactic radio noise is blocked by the expanding shell, the frequencies indicated by hatching are not accessible to the incoming radiation. This explains why the propagation cutoff observed by the IRM in the center of the cloud is above the local electron plasma frequency. The observed cutoffs suggest that the plasma density at the center of the cloud may be much as a factor of 10 lower than the density in the expanding spherical shell.
The first evidence of a deviation from simple radial expansion is at 1233-15, where the density suddenly increases up to about 104 cm-3. As can be seen from the bottom panel of Figure 1 , this increase coincides almost exactly with the return of a strong magnetic field, much stronger than the field that existed before the event. The interpretation of these effects is that the cloud has started to convect, thereby causing the spacecraft to enter a region of compressed plasma upstream of the ion cloud. The magnetic field lines in this region are draped around the nose of the cloud as shown in The existence of a nearly steady electric field in the diamagnetic cavity is quite surprising, since the electric field is expected to be zero in a highly conducting plasma with no magnetic field. We must therefore consider the possibility that the electric field signal is caused by some kind of spacecraftrelated effect. Measurements of electric fields using the double-probe technique are notoriously susceptible to spacecraft-induced perturbations, particularly for low plasma densities. The electric field measurement is obtained by mea- suring the difference in the floating potential of the two antennas. Anything that affects the floating potential differently for the two antennas is a potential source of error. Wellknown sources of error include wake effects and asymmetrical photoelectron emission from the spacecraft body. Usually, these errors decrease as the plasma density increases. There are two reasons for this tendency. First, as the plasma density increases, the Debye length becomes smaller, which provides better shielding of the antenna from spacecraft-generated potential perturbations. Second, as the plasma density increases, the incident electron current from the plasma increases, thereby reducing the relative contribution from spacecraftgenerated photoelectrons. For a discussion of these and other sources of error, see Fahleson [1967] . Experience has shown that double-probe measurements of the type used on the IRM are usually reliable if the electron density is greater than about 102-103 cm -3. Exceptions can occur when one of the probes is in the optical shadow or geometric wake of the spacecraft body. However, these situations can usually be identified from simple geometric considerations.
The tendency for large errors to develop at low densities is clearly evident in the later stages of the plasma cloud expansion, when the electron density drops below about 102 cm-3. However, for the first minute or so after the explosion, the electron densities are well above 103 cm-3. The simplest interpretation of these observations is that some of the solar wind electric field is able to penetrate into the diamagnetic cavity. This interpretation implies that the ion cloud is not able to generate the polarization charges necessary to shield out the external electric field. throughout the cloud, the potential difference across the cloud would be of the order of 100 V. How such a large potential difference could exist across the cloud without producing runaway electrons and large currents is not known.
Another possible interpretation is that the electric field is directed radially outward from the center of the cloud. Since the motion of the cloud is initially perpendicular to the solar wind velocity, this would explain why the field is nearly perpendicular to the spacecraft-sun line. In this interpretation the field would be entirely internal. The association with the solar wind field arises because the motion of the cloud is controlled by the external electric field. A radial electric field is, of course, necessary to confine the faster moving electrons to the ion cloud. The main issue is the magnitude of the field. To confine the electrons, the potential difference between the center of the cloud and the outer boundary must be of the order of the thermal energy of the electrons. For the relatively low electron temperature expected from photoionization, the potential difference should be only a few volts, which is much smaller than the potential difference implied by the electric field measurements. On the other hand, electrons with energies of several hundred electron volts were observed in the ion cloud, apparently caused by some external heating process . It is possible that the observed electric field could be associated with the confinement of these more energetic electrons. These effects require further study.
WAVES INSIDE THE DIAMAGNETIC CAVITY
Next we describe the waves detected by the IRM inside the diamagnetic cavity. Generally, the wave intensities in the diamagnetic cavity are quite low, much lower than in the solar wind. The wave intensities in the diamagnetic cavity are summarized in '1''1''1''!''1''1''1''| The fact that the spin modulation pattern is sharply peaked has important implications. For long-wavelength electrostatic waves a simple sinusoidal modulation should be observed. Since the modulation is clearly nonsinusoidal, either the wavelength must be short in comparison to the antenna length, thereby producing a nonsinusoidal response, or the emission intensity must be controlled by the spacecraft rotation. The latter_ would require a spacecraft-related source, such as photoelectrons or some type of wake effect.
First, we will explore the possibility that the spin modulation pattern is caused by wavelengths shorter than the length of the antenna. The response of an electric dipole antenna to short-wavelength electrostatic waves has been studied by Fuselief and , who showed that the measured antenna voltage is given by Next we consider the damping of the ion acoustic mode. Equation (3) shows that the wavelength approaches zero as the frequency approaches the ion plasma frequency. Since some of the emissions have frequencies very close to the ion plasma frequency, these waves must have wavelengths comparable to the Deby½ length. For wavelengths close to the Debye length, Landau damping can be quite important. As is well known [ [1986] to be 1.7 kin/s, the thickness of the unstable layer at the entry into the cavity is estimated to be about 500 m. The corresponding thickness at the exit is more difficult to estimate, because by then the expansion has slowed and the cloud has started to convect but is probably of the order of a few kilometers. As can be seen in Figure 11 , the electrostatic noise corresponds almost exactly with the disappearance and return of the magnetic field at the boundaries of the diamagnetic cavity. In both cases the duration of the burst is comparable to the time scale of the magnetic field variation.
The close relationship of the broadband bursts of electrostatic noise to the magnetic field variation strongly suggests that the noise is driven by the electron magnetization current that flows along the boundary of the diamagnetic cavity. The frequency range of the noise, generally below the barium ion plasma frequency, suggests that the noise may also consist of ion acoustic waves. As is well known, ion acoustic waves can be driven by a drift between the electrons and ions, such as must exist at the boundary of the diamagnetic cavity. When the electron temperature is much higher than the ion temperature, as is believed to be the case in the barium cloud, the threshold drift velocity for the ion acoustic instability is quite low, only a few times the ion thermal speed [Krall and Trivelpiece, 1973 Plate 1. A frequency-time spectrogram from the high-frequency sweep-frequency receiver. The intensity scale is adjusted as a function of frequency so that the dynamic range extends from the instrument noise level (blue) to the saturation level (red). The dense plasma cloud formed by the explosion at 1232:00 blocked the galactic and terrestrial radio noise and produced depressed noise intensities for about 2 min as the cloud expanded over the spacecraft. The electron number density N e can be determined from the electron plasma oscillation line, which is at the local electron plasma frequency fpe, = 9000 (Ne) 1/2 Hz, where Ne is in cm-3. Representative electric field spectrums of the intense electrostatic noise are shown in Figure 13 . The spectrums typically show a flat plateau at low frequencies, with a rapid decrease in intensity at frequencies above a few hundred hertz. Sometimes a slight peak or enhancement is evident near 100 Hz. At maximum intensity the broadband electric field strength, integrated over all the frequency channels, is 140 mV/m, and may be even higher because some of the channels are saturated. These electric field intensities are among the most intense ever recorded by a space plasma wave experiment. Wideband spectrograms of the electric field waveform, illustrated in Figure 14 , show that the spectrum is relatively featureless. In particular, there is no evidence of emissions near the electron cyclotron frequency fee or the lower hybrid resonance frequency f•..R = (fcefci) •/2. The lower hybrid frequency should be in the range from a few hertz to a few tens of hertz, depending on the plasma composition. Also, no evidence of spin modulation can be seen in the electric field intensity, indicating that the waves responsible for the noise are generated over a broad range of wave normal directions.
Proceeding farther upstream, another type of higherfrequency electric field noise can be seen in Figure 11 starting at about 1235:05. Two representative spectrums of this upstream noise are shown in Figure 15 . The upstream noise is characterized by a broad peak extending from about 3 to 30 kHz, somewhat below the electron plasma frequency. After the initial sharp onset, the center frequency and intensity of the noise tend to decrease with increasing time. Occasionally, a sharp peak can be seen in the spectrum, as at 1235:40 in Figure 15 . This peak is believed to be at the local electron plasma frequency. The reduction in the bulk flow velocity is probably even more pronounced that is indicated by the proton speed, because the plasma instrument does not detect the barium ions, which are nearly at rest with respect to the spacecraft. The third and final requirment for a shock is that the entropy must increase as the plasma flows across the shock. Whether this condition is satisfied cannot be answered quantitatively because the plasma instrument does not have sufficient resolution to accurately measure the plasma temperature. However, as can be seen in the middle and bottom panels of Figure 16 , the plasma is being heated in the region where the noise occurs. This heating provides strong qualitative evidence that the entropy is increasing. Although it is not certain that the highly turbulent transition region upstream of the ion cloud is a shock, it certainly has many features similar to a shock.
Next we consider the origin of the intense electrostatic noise in the turbulent transition region. Our present view is that the noise is caused by an ion beam-plasma interaction between the nearly stationary barium ions and the rapidly moving solar wind protons. The essential elements of this instability were discussed by Gurnett et al. [1986] Because the ion beam-plasma instability has been previously analyzed for a solar wind lithium release ], we will only present a summary of the corresponding analysis for the December 27 barium release. Figure 18 shows the frequency of the marginal stability boundary (7 = 0) plotted as a function of the barium ion to proton density ratio. This analysis uses the previously mentioned temperatures and velocities and assumes that the cold photoelectron density is equal to the barium ion density. Although the cold photoelectron density cannot be directly measured, it has been pre- Before concluding the analysis of the ion beam-plasma instability, it is useful to discuss the possible role of barium ions accelerated by the solar wind electric field. The second panel from the top in Figure 16 shows two distinct ion populations that are well separated from the solar wind protons. One of these components, from about 1234:10 to 1236:00, is believed to consist of barium ions that have been accelerated by the solar wind electric field EHaerendel'et al., 1986]. The energy of this component increases with increasing time, starting at a few tens of eV and eventually reaching several keV. The energy is believed to increase because the path length available for acceleration increases as the cloud moves away from the spacecraft. As can be seen by comparing with Figure 11 , the accelerated barium ions are observed over almost exactly the same interval as the intense electrostatic noise, suggesting that the accelerated barium ions may be responsible for the electrostatic noise. This relationship is believed to be largely coincidental. Even at energies of several keV the barium velocities are still much less than the solar wind velocity. Therefore the velocity of the accelerated barium ions is small and should have little effect on the stability analysis. Furthermore, the acceleration is nearly perpendicular to the solar wind velocity, which minimizes the effect on the one-dimensional distribution function projected along the solar wind velocity direction.
In addition to the intense electrostatic noise, the low-frequency magnetic noise and the high-frequency electrostatic noise also require analysis. At the present time we have not undertaken a detailed analysis of either of these types of noise. It is our impression that the low-frequency magnetic noise may be due to an electromagnetic ion beam instability, possibly similar to the instability responsible for low-frequency ULF waves upstream of the earth's bow shock [Gary et al., 1981; Winske and Leroy, 1984] , with the barium ions playing the same role as upstream ion beams. As discussed earlier, the high-frequency electrostatic noise appears to be associated with the electron plasma frequency. It seems likely that these waves are electron plasma oscillations that are downshifted in frequency, similar to the waves described by Fuselief et al. [1985] This experiment showed many interesting new plasma effects associated with neutral gas injections in rapidly moving plasmas. Some of these effects, particularly the turbulent wave-particle interactions on the upstream side of the ion cloud, are relevant to natural comets, where similar types of instabilities are observed [Scarf et al., 1986] .
